Abstract. Pervasive Computing has postulated to invisibly integrate technology into everyday objects in such a way, that these objects turn into smart things. Not only a single object of this kind is supposed to represent the interface among the "physical world" of atoms and the "digital world" of bits, but a whole landscapes of them. The interaction among humans and such landscapes of technology rich artifacts happens to be more confluently, rather than on a per device basis. To address the confluence among humans and computing landscapes we study we study human gesticulation and the manipulation of graspable and movable everyday artifacts as a potentially effective means for the interaction with the physical environment. In detail, we consider gestures in the general sense of a movement or a state (posture) of the human body, as well as a movement or state of any physical object resulting from human manipulation. Further, based on the tangible user interface paradigm, we propose employing intuitive tangible universal controls that translate physical motions into actions for controlling landscapes of smart things. Such intuitive "everyday"-gestures have been collected in a series of user tests, yielding a catalogue of generic body and artifact gesture dynamics. We present a systematic approach to selecting and steering using tangible artifacts by associating a flip-movement to service selection and a turn-movement to parameter steering. An implementation of this approach in a general software framework and several experiments with various fully functional artifacts and devices are described.
Introduction
Computing devices are pervading already now into everyday objects, in such a way that users do not notice them anymore as separate entities. Appliances, tools, clothing, accessories, furniture, rooms, machinery, cars, buildings, roads, cities, even whole agricultural landscapes increasingly embody miniaturized and wireless -thus invisible -information and communication systems, establishing information technology rich socio-economic systems with the potential of radically changing the style of how we perceive, create, think, interact, behave and socialize as human beings, but also how we learn, work, cultivate, live, cure, age as individuals or in societal settings.
Prospective advances in microprocessor-, communication-and sensor/actuatortechnologies envision a whole new era of computing systems, seamlessly and invisibly woven into the "fabric of everyday life" [22] , and hence referred to as Pervasive Computing. Their services will be tailored to the person and their context of use. After the era of keyboard and screen interaction, a computer will be understood as secondary artifact, embedded and operating in the background, with its complete physical environment acting as interface (primary artifact). Pervasive Computing aims at interaction with digital information by manipulating physical real world artifacts as "graspable interfaces", by simultaneously involving all human senses, and by considering interaction related to the semantics of the situation in which it occurs.
Future pervasive computing senses and controls the physical world via many sensors and actuators, respectively. Applications and services will therefore have to be greatly based on the notions of context and knowledge, will have to cope with highly dynamic environments and changing resources, and will need to evolve towards a more implicit and proactive interaction with humans. Communication must go beyond sending information from one fixed point to another, considering situations where devices cooperate and adapt spontaneously and autonomously in the absence of any centralized control. A vast manifold of small, embedded and mobile artifacts characterize the scenarios envisaged by Pervasive Computing. The challenges are related to (i) their ubiquity, (ii) their selforganization and interoperation, (iii) their ability of perceiving and interpreting their situation and consequently (iv) adapt the services they offer, the different modes of user interaction with those services.
All the considerations above show that the traditional understanding of having an "interface" among humans and computers vaporizes both from the interaction as well as from the technology viewpoint -considering human and computer activity at a confluence appears to be a more adequate characterization. In this paper, we discuss gestural interaction with everyday artifacts as a means for interacting with services provided by the surrounding environment. In contrast to traditional Human Computer Interaction, such interaction generally comprises ensembles of devices, where each device provides certain services. The user thus interacts with a service composite, which is composed of the single devices' services, by using one or more graspable artifacts. As it does not make a difference from the user's viewpoint if the used services are composed of multiple devices' services or not, we just use the terms device and service without distinguishing from device ensembles and service composites henceforth, respectively.
Gestural Interaction
Human gesticulation as a modality of human-machine interaction has been widely studied in the field of Human-Computer Interaction. With the upcoming Pervasive and Ubiquitous Computing research field, the explicit interaction with computers with mouse, keyboard and screen in the WIMP metaphor has given way to a more implicit interaction involving all human senses. As an important part of this tendency, gestures and movements of the human body represent a natural and intuitive way to interact with physical objects in the environment.
Thus, manipulation of objects can be regarded as a means of intuitive interaction with the digital world. This paradigm underlies the research on Tangible User Interfaces (TUIs) [40] . Embodied interaction [29] [30] aims at facilitating remote control applications by providing natural and intuitive means of interaction, which are often more efficient and powerful compared with traditional interaction methods. TUIs couple physical representations (e.g. spatially manipulable physical artifacts) with digital representation (e.g. graphics and sounds), making bits directly manipulable and perceptible by people [31] [33] . In general, tangible interfaces are related to the use of physical artifacts as representations and controls for digital information [40] .
We witness the advent of applications, appliances and machinery that are richer and richer in information technology, providing large palettes of services to end users. This richness brings up many challenges to the user interface designer, which must face the task of offering the user simple, natural, and intuitive interfaces to service providers, hereafter called devices. An important aspect of the user interface with devices is remote control, i.e., setting the inputs of services on devices. Most of today's devices come equipped with button-based remote controls. These are often badly designed, unnecessarily complicated, bound to specific devices, they tend to get misplaced, their usage is not intuitive and natural.
These issues can be addressed by the Tangible User Interface (TUI) paradigm [8] , where button-based control artifacts are replaced with physical objects whose manipulation allows for intuitive and natural expression of control. In the sequel we present such an approach, based on the idea that device ensembles in physical space can be controlled by manipulating objects that reside in that space. We are interested in universal control, where the user is able to control multiple devices and device ensembles by using one or more artifacts. This tangible remote control paradigm provides an alternative to classical remote controls by using objects with multiple equilibrium states like cubes.
Discovery, Selection, Connection, Control
In order to control a certain device, the user needs to perform the following general sequence of operations:
1. Device discovery. Device discovery is necessary when the user is situated in a non-familiar space, as the user must know whether the desired device is available or not. 2. Device selection. The user must specify which device it needs to control.
Alternatively, a certain device can be implicitly selected based on the user's context (i.e. information about his situation), preferences, and history. 3. Connection. The control artifact must be able to connect to the selected device. Thus, a communication channel must be established between the control artifact and the device such that control commands from the artifact can be relayed to the device.
Device control.
A device offers a set of services, and the user manipulates the control artifact to set up input values for the services. To do so, the following steps are performed:
(a) Service discovery. If the user is not already familiar with the device, then it needs to know the services provided by the device. In many cases, the user already knows which service it needs to control. For example, it is common knowledge that air conditioning devices have at least two services: temperature and fan power. Considerable research and development efforts have been devoted to stage 1 ( [19] , [18] , [21] , [1] , [20] ), stage 2 ( [19] , [12] , [9] ), stage 3 ([1], [23] , [24] ), and stage 4a ( [19] , [1] ). As for steps 4b and 4c, a combined approach for controlling the environment with physical artifacts, which allows to browse and select both devices and their services as well as to steer the input values of a selected service with simple gestures, is described in [6] . Without loss of generality, we consider only services with one parameter having a one-dimensional set of values. We assume that each device or service has a suitable user interface output which provides the user with appropriate feedback. Our approach is based on the simple but crucial observation that there exist two types of manipulations that can be intuitively associated to service selection and to steering, respectively.
In general, the geometry of objects suggests manipulation affordances in a TUI. The geometry of a physical object defines a number of stable mechanical equilibria of the object placed on a planar horizontal surface called a flat. A stable equilibrium of an object will be called an object mode. Once a control artifact is connected to a device, each service of the device is associated to a distinct mode of the object, under the assumption that the number of modes is greater than or equal to the number of services (a relaxation of this assumption will also be discussed). By a flip-movement, the user moves the object from one stable equilibrium to another, by changing the object's surface that touches the flat. Thus, a flip-manipulation triggers a change of the selected service. For example, a box has six stable equilibria. Hence, a box can be used to select from up to six services. A turn-movement is simply a rotation of an object. It is associated to steering the parameter value of the selected service. Figure 1 illustrates this assignment. Both movements are geometric rotations of objects. They can be executed with the objects in hand, without the need to place objects on actual surfaces. We shall later present experiments in a domestic setting, where objects of various shapes are employed for controlling a TV set and a music player. The artifacts are embedded with wireless orientation sensors to detect flipping and turning. 
Universal Interaction
Considerable research efforts have targeted the realization of a universal interaction device, which is a mobile computing system (usually a PDA or smartphone) that can be used for interacting with multiple services, e.g. the "Universal Information Appliance" [2] , the "Universal Interactor" [5] , and the "Personal Universal Controller" in [11] . The main issues are discovery of devices and services [19] and composition of user interfaces [14] , [11] . Discovery is supported by service oriented frameworks, communication protocols and standards such as UPnP [18], Jini [21] , Bluetooth [1] , URC [20] . Proposed approaches for device selection include browsing, pointing and touching [19] , [12] , or automatic selection based on context clues and user history [9] . Connection is supported by wireless technologies such as Bluetooth, Zigbee [24] , and WiFi [23] . In general, the universality of the control device means the ability to control multiple services, with as little a priori information as possible about the services. Such a handheld control device suffers from some of the shortcomings of today's remote controls: the device is complicated and therefore hard to use, it offers non-intuitive control means, it requires to be available at all times. In this paper, we consider several universality layers. In particular, more than one physical object can be used to control the same service. The redundancy of physical objects in the user's environment together with a dynamic mapping of objects and movements to services and parameters can ensure that a control object is always handy for any device that the user decides to control.
Tangible User Interface (TUI) research has studied the capabilities of physical objects as rich input devices. Specific movements of objects were considered for control. Tilting user interfaces [15] use the tilt of a portable device as input for the device. In [3] , various artifacts and associated gestures are used for device control. Some works present objects where multiple faces are associated to different functions and flipping is used to select a function. In [4] , flipbricks are described as part of graspable user interfaces. Different commands, such as "cut", "copy", "paste", are associated to each face of a flipbrick, and one of them can be activated by flipping the brick. The ToolStone device described in [16] uses also the rotation of the device, in addition to flipping, to further increase the selectable functionalities. Our paper builds on this research to investigate the use of such manipulations for remote control of devices. We do not assume particular shapes or types of objects and particular applications or services to be controlled. Thus, flipping and turning are considered here as manipulations of objects that can be generically mapped to abstract control actions.
An approach for using physical objects for home device control is reported in [10] , where everyday objects and an augmented table are employed for configuring and using interfaces to applications. Objects must be placed on the table, and then they can be moved against the table. In contrast, we rely here on the geometry of the object to suggest the object's usage. As opposed to most of the papers described above, our implementation employs only orientation sensors for detecting the flip-and turn-movements (there is no sensing table or active surface on which control objects must be placed).
A Universal Remote Control
Tangible Interaction If the same artifact is used for both types of manipulation, then the turn-movement should be executed while the object is in a stable equilibrium state. This is guaranteed if the object is turned by an axis that is orthogonal to the related flat.
The association of flip-and turn-movements to service selection and respectively parameter steering is based upon the following observations:
-The service space of a device (or of an ensemble of devices) is a discrete set, with a relatively small number of services. The input space of a service can be a continuous set. On the other hand, the mode space of an object is also discrete with relatively few number of modes, while the space of the turning angle is a continuous set. -The selected service should not change while the user is steering its parameters. This is why we are looking at stable equilibria. Thus, once a service is selected, the user is free to focus only on steering the value by turning. -The stable equilibria can be used to disambiguate between intentional and unintentional control movements. To activate a service selection, the user must keep the artifact in a stable equilibrium for a certain amount of time (which can be heuristically determined at the design phase). If no mode is activated, then no control action is taken, regardless of the object's motion.
The artifacts that offer the flip and turn affordances can be everyday items or objects specially designed for control. Objects can have various numbers of modes, ranging from no mode (e.g. a ball), to one mode (a swivel chair), to tens of modes. (Notice that our approach is valid also when several artifacts are used to control a device at the same time. In this case, the modes of the artifact ensemble are given by all the possible combinations of modes of the component artifacts.)
The association of flip-movements to service selection and of turn-movements to steering is viable if the number of services is smaller than or equal to the number of modes of the involved artifact. If this is not the case, then a different association can be used, as follows: the turn-movement is associated to both service selection and steering, and the flip-movement is used to distinguish between the two cases. Thus, an artifact (or artifact ensemble) with at least two modes can fully deal with controlling large numbers of services.
Control types of a service For a given service, according to the set of all possible parameter values, we distinguish two control types: discrete control and continuous control. For example, the TV channel selection is a service with discrete control, whereas the TV volume is a continuous control.
There are two ways by which the user can set the value of a parameter: direct and sequential. In the direct type, the user is able to indicate the control value in one step, without browsing intermediate values. Examples are: setting a TV channel number with a classic remote control, setting a predefined value for room temperature. In the sequential type, the user browses input values until the desired value is reached. Usually, the sequential mode is required by the user-centric feedback-based control. Examples are: setting TV volume, setting light levels.
Universality requirements We seek remote control mechanisms that satisfy the following universality requirements:
1. The control artifacts should provide means for performing discrete, continuous, direct and sequential control. 2. The same device can be controlled by more than one artifact and different devices can be controlled by the same artifact. The mapping between control objects and devices should be dynamic. The user should be able to configure this mapping. In addition, the mapping can be context sensitive. 3. The mapping between artifact modes and services should be dynamic. This mapping can be context sensitive: the service that is associated to a mode can be determined ad-hoc, based on the user's context, rather than being a priori fixed or explicitly specified by the user.
Unintentional manipulations of artifacts (i.e., manipulations which are not targeted for explicit control) can be used for providing implicit control, whenever this supports the user's interaction with the device.
Implementation and Experiments
We have employed the movements flip and turn for controlling devices in a domestic setting. Our experiments aimed at showing how the above universality requirements can be satisfied by our approach. In this respect, physical objects of various shapes have been embedded with orientation sensors that allowed a detection of the two manipulations. The devices to be controlled are a TV set and a music player. The experimental setup is depicted in Figure 2 . Artifacts. We have used both everyday items and specially designed objects. Figure 3 presents some of the artifacts, which have no modes (e.g. a decorative orange), one mode (e.g. a swivel chair or a knob), two mods (e.g. a beverage can) and six modes (e.g. a cube). Sensors. We used InertiaCube3 wireless orientation sensors from Intersense [7] . The InertiaCube3 has 3 degrees of freedom (yaw, pitch and roll) with 360 degrees in all three axes. Together with a battery pack, the hardware is small enough to fit in half of a cigarette box. Figure 4 shows the embedded sensing.
(a) The orientation sensor (b) Embedded cube Software. We developed a flexible software platform, which is able to accommodate a variable number of sensors and a variable number of applications. In this respect, we used Java and the OSCAR implementation of OSGi [13] .
Devices and services. For rapid prototyping reasons, the two devices were implemented as computer applications. The TV is represented by a Java video player and Winamp is the music player. The TV screen and the Winamp graphical user interface are projected onto adjacent walls of the same room. The controlled services of the two devices are represented in Figure 2 . The position service of the TV offers the user the possibility to change the horizontal positioning of the TV screen on the TV wall. Notice that each service has one parameter, which is also called a service input. There are services with continuous input space (e.g., volume, position), and with discrete input space (e.g., Program, Playlist, On/Off).
The following experiments now demonstrate various usage modes of flipping and turning for remote control, addressing the universality aspects described in the previous section. Experiment A: The chair (Figure 3(b) ) and the cube (Figure 3(e) ) are employed to control the TV and the music player. The chair has one mode, and the cube has six modes. When connected to the TV, the chair's mode is mapped to the position service of the TV. Thus, a rotation of the chair steers the horizontal position of the TV screen on the wall such that the screen is always facing the chair. When connected to the Winamp, the chair mapped to the On/Off service: if the chair faces the Winamp wall, then the player is "On" (and the Winamp skin is visible on the wall). Otherwise, the player is "Off" (and the skin is not shown). The cube modes are mapped to the other services of the two devices. Thus, when the cube is connected to the TV, the user can flip the cube to change the service and then rotate the cube to steer the input. Snapshots from this experiment are presented in Figures 5(a) and 5(b) . Since in this setting at most one device is used at a time, the chair is connected to both devices at the same time. When the chair is facing neither of the two walls or the user does not sit in the chair, both devices are off and hidden. If the user sits in the chair and the chair is oriented towards the TV wall, the TV screen appears on the wall at a position corresponding to the chair's orientation. Moreover, the cube is automatically connected to the TV device. Any subsequent rotation of the chair determines a steering of the screen's position on the wall. When the chair is steered to face the Winamp wall, the music player starts out and its skin is shown on the wall. The cube is automatically connected to the Winamp.
Let us consider now the universality requirements defined in the previous section.
1. Discrete control is provided by a suitable discretization of the rotation angle, and it is performed for example when changing programs on the TV, titles and playlists on the music player. For continuous control, the rotation angle is directly mapped to the service input (possibly after a continuous transformation). For example, the distance between the left edge of the TV screen and the left edge of the TV wall is determined by a continuous nonlinear
] is the interval of angles for which the chair faces the TV wall and L w is the length of the wall. Sequential control is naturally achieved by using mappings from angles to the input space that are onto and monotone. Direct control can be achieved by an unidimensional turn-movement only for two predefined input values (e.g., any clockwise rotation selects one value and any counterclockwise rotation selects the other value). More suitable for direct control is to flip the artifact, where predefined input values are defined as services and flipping is used to select one of them. Consider, for example, that a cube is used to control room temperature. By flipping the cube, the user can directly select one of six possible predefined values, while turning the cube can still be used for sequentially (and continuously) steering the temperature. 2. In this experiment, each of the two devices accepts control from the same artifact (e.g., the cube). Moreover, two artifacts are used to control the same device. The cube is dynamically connected to either the TV or the Winamp. The user determines this mapping by steering the chair. The use of context information for devices selection has been studied e.g. in [9] . 3. The mapping of the chair mode is dependant upon whether the user sits in the chair or not. This context information regards the human motion activity. If the user does not sit in the chair, nothing happens when the chair is turned.
When the user sits in the chair and watches TV, chair rotations are usually not intended for establishing a certain position of the TV on the wall. They are rather triggered by factors which are external to the TV control problem (e.g., finding a more comfortable body position). Steering the TV screen such that it remains in the user's main attention is an example of implicit control.
Experiment B: A soft drink can (Figure 3(d) ) is employed to control the music player. This illustrates how an object with only two modes can be used to control a device with many services by flipping and turning it. In normal position (i.e., with the top side up), turning the can selects one of the seven services offered by Winamp. To change from service selection to steering, the can is flipped. In upside down position, the can changes the input of the selected service. A snapshot of this experiment is given in Figure 6 .
Experiment C: The chair (Figure 3(b) ) and the knob (Figure 3(c) ) are employed to control the TV. This shows how two single-mode objects can be used to control a device with multiple services. As in the previous experiment, one mode (of the chair) is used for service selection by turning and the other one (of the knob) is used for actual steering by turning. In this case, there is no flip-movement and the two turns can be executed in parallel. The experiments described above demonstrate the potential of tangible interaction for universal remote control. Moreover, they show how combinations of control artifacts can be employed to fully control fairly complex devices.
Conclusions and Future Work
The vision impacting the evolution of Pervasive Computing is the claim for an intuitive, unobtrusive and distraction free interaction with technology-rich environments. In an attempt to bring interaction back to the real world after an era of keyboard and screen interaction, computers are being understood as secondary artifacts, embedded and operating in the background, whereas the set of all physical objects present in the environment are understood as the primary artifacts, the interface. Instead of interacting with digital information via traditional computing means, Pervasive Computing aims at physical interaction with digital information, i.e. interaction by manipulating physical artifacts via graspable interfaces. It links the "atoms of the physical world" with the "bits of the digital world" in such a way, that physical artifacts are considered as being both representation of and control for digital information. Manipulating physical artifacts in the physical world hence causes the manipulation of their respective associations in the digital world and vice versa.
Motivated by the expressive power of gestures as enablers of intuitive interaction, we have presented a general approach to remote control of devices based on TUIs. Given that a remote control artifact is connected to a device, we proposed using a flip-movement for selecting the service of the device, and a turn-movement for steering the service's input. This approach enables the achievement of universal remote control. The concept of universality considered in this paper has a larger scope than the usual case where a single artifact is able to control multiple devices. Thus, from our viewpoint, a universal remote control must be able to provide natural and intuitive means for continuous, discrete, sequential and direct control. Moreover, the same device can be controlled by more than one artifact and different devices can be controlled by the same artifact. The mapping from artifacts and manipulations to devices and services should be dynamic. This mapping can be determined in an ad-hoc manner, based on the user's context and preferences.
We showed how our approach can be applied to satisfy the above requirements by a series of experiments in a domestic setting. These experiments involved various objects of diverse shapes, including everyday items and specially designed artifacts. For the clarity of presentation, the unidimensional input case was considered. It should be noted that the turn-movement can be used to steer up to three dimensions. Thus, our approach is viable for most of the cases encountered in remote control of real world devices.
Clearly, to apply the proposed approach in fully mobile and ad-hoc settings, one needs suitable methods for device discovery and selection. In principle, on can employ existing solutions involving handheld devices (e.g., PDAs). Upon device selection, flipping and turning movements can be applied to the handheld object. Upon connecting a control artifact to a device, the mapping between the artifact modes and the services of the device must be automatically determined. We are addressing this issue at the device level. Thus, the artifact sends a description of itself to the device, which is then able to determine the artifact's modes. Challenging problems are how to use information about the user's context for achieving an intuitive mapping of modes to services, and how to make the user aware of this mapping.
With respected to the traditional understanding of considering an "interface" among humans and computers, it should have become clear, that it is rather the "confluence" among human activity and a sensitive, technology rich environment, that defines the "interaction" among humans and computers.
